Introduction
There is a technological need for the development of transparent p-type inorganic semiconductors to be used as hole-transporting materials in different optoelectronic and photovoltaic devices. At the same time, compared to their n-type counterparts, the choice of known p-type materials is much scarcer. 1, 2 One of the very promising materials of this kind is copper thiocyanate (CuSCN). It belongs to the family of pseudohalides, i.e. molecules composed of a metal cation and a complex anion; which in this case is the thiocyanate ion (SCN -). It has very good hole transporting properties owing to the smaller effective mass of holes compared to electrons, combined with decent hole mobility of 0.01-0.1 cm²/Vs. 3, 4 Among its key properties we can list its good chemical stability and an excellent optical transparency due to its wide band gap of 3.6-3.9 eV. A variety of methods has been developed for its deposition. Probably the easiest and most wide-spread way to deposit thin films of CuSCN is by dip-, spin-, spray-coating or doctor-blading of commercial material solutions. It is also possible to fabricate CuSCN by successive ionic layer adsorption and reaction (SILAR), 5 chemical bath deposition (CBD) 6 or electrodeposition. [7] [8] [9] [10] Due to the interest to onedimensional nanostructures, which combine high surface area with excellent charge transfer properties, research efforts have been devoted to prepare it in nanowire form. 11, 12 Our research group has recently reported an easy and template-free electrodeposition of CuSCN nanowires on various substrates from an aqueous solution at room temperature. [13] [14] [15] CuSCN has already become a popular material in various optoelectronic devices, especially in 3 rd generation solar cells. Thus, thin films of copper thiocyanate have been used as hole transporting material in extremely thin absorber (ETA), 16, 17 dye- 8, [18] [19] [20] [21] or quantum dot sensitized, 22 and organic solar cells. 15 Recently, its application in transparent thin film transistors 3, 4 and UV-photodetectors 23 has been also demonstrated.
Despite numerous advantages and applications of copper thiocyanate, this material remains surprisingly under-investigated. Whilst studies have shed light on the structural and electronic properties of thin films of CuSCN 11, [24] [25] [26] the properties of the CuSCN nanowires are largely unexplored. Copper thiocyanate properties are very dependent on specific fabrication parameters thus leading to several particularities. First, it can crystallize in two structures:
hexagonal or rhombohedral β-phase and the orthorhombic α-phase. Second, the SCN anion is one of the best known examples of ambidentate ions, i.e. those which can exist in two resonance forms, thiocyanate and isothiocyanate. 27 Finally, its p-type conductivity is clearly related to the structural (especially copper deficiency) and surface defects, which add intragap levels. Those latter vary significantly depending on the shape and preparation method of CuSCN. All these factors make CuSCN nanowires a very attractive material to be investigated.
In the present study an insight into several important properties of electrodeposited CuSCN thin films and nanowires is proposed based upon a multi-technique approach.
Experimental
CuSCN thin films (2D layers) electrodeposition: A 6 mM Cu 2+ solution was prepared by mixing CuSO4•5H2O (1 M equivalent) with 10 M equivalent triethanolamine and 5 M equivalent KSCN into deionized water, according to the procedure described in reference 10 . A 2D layer with a thickness around 200 nm was deposited potentiostatically under continuous stirring at potential E = -0.4 V vs saturated calomel electrode (SCE) and passed charge density 25 mC cm -2 .
CuSCN nanowires (NW) electrodeposition: A 12 mM Cu 2+ solution was prepared by mixing CuSO4•5H2O (1 M equivalent) with 1 M equivalent EDTA and 0.25 M equivalent KSCN into deionized water. 13 The CuSCN nanowires were deposited potentiostatically under continuous stirring at -0.3 V vs SCE for the ITO coated glass substrates. The passed charge density was fixed at 35 mC cm -2 for shorter nanowires (around 400 nm long) and at 80 mC cm -2 for longer nanowires (around 1.5 µm long).
X-ray Photoelectron Spectroscopy (XPS) measurements were performed on an SSI S-Probe spectrometer from (Euroscan SA) using a monochromatic Al Kα X-ray source (1486.6 eV photons) at a constant dwell time of 100 ms and pass energy of 50 eV. The core-level signals were obtained at a photoelectron takeoff angle of 35°. The pressure in the analysis chamber was maintained at 10 -9 mbar or lower. All peaks were adjusted using the C1s peak at 284.6 eV to correct the binding energies for the charge shift. Photoelectrons were detected using a hemispherical analyser, with an angular acceptance of 30° and an energy resolution of 850 meV. Ar + etching was performed at a pressure 2x10 -7 mbar with the energy of 1.5 keV.
Elemental quantification was performed using CasaXPS software by the analysis of the integral intensity of each core-level line weighed by its corresponding Scofield sensitivity factor available from the internal database of the software.
Raman spectra were obtained using the 532 nm line of a YAG frequency doubled laser coupled to a Renishaw InVia microscope (Renishaw PLC, England) with a 50x objective. Spectra were referenced by the Si 520 cm -1 peak. Averages of 5 spectra were obtained at five different locations for each sample at optimised conditions; 0.5 s exposure time of 10 mW laser radiation and 120 acquisitions. The 532 nm line was selected due to very minimal spectral response with a near infra-red laser. Previous studies of bulk metal-thiocyanate confirm low Raman signals at near infra-red unless surface enhanced Raman spectroscopy (SERS) was implemented 28 whereas Raman spectroscopy with the 633 nm line of a HeNe laser has previously been performed without enhancement mechanisms. 29 Atomic force microscopy (AFM) images were conducted using a JPK instruments Nanowizard II (JPK instruments, Berlin) operated in AC mode. Scanning electron microscopy (SEM) was conducted with an FEI Nova NanoSEM for the surface morphology characterizations.
Transmission electron microscopy (TEM) characterization was done with a FEI Tecnai Osiris microscope at 200 kV, an objective aperture was inserted to select the transmitted beam and reveal the crystalline nature of the specimen. The optical transmission properties of the electrodeposited CuSCN layers were determined in the visible-near-infrared wavelength region using a Perkin Elmer Lambda 35 spectrophotometer.
Results and Discussion
Here we present a multiple technique approach in the study of electrodeposited CuSCN nanowires and 2D films. Specifically we investigate short (400 nm) and long (1-1.3 µm) nanowires, and make comparisons with the 200 nm thick 2D layer. High resolution TEM analysis of the electrodeposited CuSCN nanowires was carried out in order to investigate their crystalline structure (see Supporting Information). The images confirm a very high crystalline quality of the studied materials. Fourier transform of the TEM images was applied to calculate the spacings between the lattice fringes, which turn out to be constant throughout all the sample zones studied. At the same time, they do not allow to distinguish unambiguously between the alpha and beta phases of the material.
A comprehensive XPS study has been performed on the samples of electrodeposited CuSCN 2D layer and nanowires. The XPS survey spectra shown in figure 2 indicate the presence of the expected elements: copper, sulfur, carbon and nitrogen. The 2D layer spectrum (figure 2a)
indicates a trace oxygen contribution, which was probably due to the inevitable presence of surface impurities. In order to get more precise qualitative and quantitative information about the chemical composition and state of the elements, high-resolution spectra of the characteristic regions were recorded and are presented in figure 3 for the 2D CuSCN film. C1s spectral region of a 2D film can be deconvoluted into four peaks. The peak at 284.6 eV, which was used for the calibration of the whole spectrum, is ascribed to the aliphatic carbon sp 3 impurities present on the surface, while the small peak at the highest energy (286.5 eV) corresponds probably also to the adventitious carbon in its oxidized C-OH form. The spectrum is dominated by a peak at 285.7 eV, which is likely the sp-state carbon in its -C≡N form. The spectrum in the sulfur 2p region has been fitted by a series of 3 doublets of S 2p3/2 and S 2p1/2 each. Once again, the spectrum is dominated by a large signal with 2p3/2 peak situated at 163.0 eV, which was ascribed to a sulfur atom in a -S-C form. The small peak at 168.8 eV is likely the trace of the oxidized sulphur. The spectrum of N 1s has a major peak at 398.2 eV, which probably corresponds to the nitrogen in a nitrile form (N≡C) with a small shoulder. The main peak of the copper Cu 2p3/2 spectrum at 932.5 eV corresponds to Cu(I). The second peak at 933.3 eV potentially might suggest that there is some contribution from a copper (II), however complete absence of the shake-up satellites at higher energies characteristic of the bivalent copper allows to unambiguously rule out this possibility. This minor peak probably comes from the oxidized Cu(I)-O.
High-resolution spectra of CuSCN nanowires are shown in Figure 4 and generally follow the same trends as 2D layers. One of the important differences is the absence of the signs of oxidation on carbon, sulfur and copper spectra. To perform a quantitative estimation of the composition of electrodeposited CuSCN we have removed the contributions from organic contamination (aliphatic C), and from any trace oxidized species (as seen in the C, S and Cu for 2D layers). The results of this estimation, whilst also taking into account the relative photoelectron sensitivity factors, are presented in Table   2 . The resulting elemental composition is close to the contents expected from the stoichiometry for both 2D films and nanowires with a slight deficiency of copper and nitrogen.
To gain a further insight into the origin of this slight deviation of the stoichiometry of the CuSCN films, we have performed XPS depth profiling: samples of CuSCN 2D film and nanowires on ITO were subjected to Ar + ion etching between the analyses. For the nanowires, the result of this profiling is shown in Figure 5 and indicates that the overestimation of carbon contents indeed comes from a thin surface contamination layer containing adsorbed organic aliphatic molecules, which is rapidly removed after the first etch. The observed initial copper deficiency is often expected to be the origin and prerequisite of good hole conductivity of CuSCN. 24 In our case after etching the copper concentration seems to increase considerably. This trend is probably just an artefact as we do not observe any additional copper containing phases, either by XRD or by XPS. The copper contents overestimation in the depth of CuSCN material is likely to occur due to a known phenomenon: in some cases during the etch the heavier elements are removed more slowly than the lighter ones, thus slightly changing the apparent concentration. 30 While for CuSCN nanowires the composition is close to stoichiometric throughout all the samples, for the 2D films there is a slight nitrogen deficiency observable even after the etching (see Supporting information). Interestingly, a similar deficiency has already been observed in the case of electrodeposited CuSCN thin films 29 and was then explained in terms of preferential argon etching of nitrogen atoms. However, the nitrogen content in the cited reference was already lower than that expected from the stoichiometry before the etching commenced. Another hypothesis is that this observed deficiency could be related to dangling bonds or other phenomena limited to surface. Yet after the initial slight increase, the nitrogen concentration remains lower than the stoichiometric value deeper in the CuSCN material. Our working hypothesis is that a lack of nitrogen in CuSCN 2D films could be due to partial electroreduction of the thiocyanate ion during the deposition from alkaline electrolyte. 31 The XPS peaks of all elements -except copper -have a contribution of a second species in addition to the major peak. Very recently, similar secondary peaks found in the films fabricated from commercial CuSCN powder were explained by partial decomposition of the cyano-groups and formation of C=N bonds. 3 This explanation is not valid in our case as we do not see any characteristic signature vibrations in the Raman spectra of the C=N region (usually seen at 2070-2080 cm -1 , 32 see figure 6 and Raman discussion), furthermore the cyano-group formation does not explain clearly visible secondary peaks of the sulfur region. We interpret this phenomenon in terms of the ambidentate character of a SCN anion, which can exist in two forms: thiocyanate ( -S-C≡N) and isothiocyanate (S=C=N -). 27 The form which would dominate in a given compound depends on the nature of a corresponding cation; a thiocyanate anion is a softer base while isothiocyanate is a harder base. 33 Altogether, these facts have led us to the following interpretation of the peaks in the XPS spectra: the major peak corresponds to the CuSCN structure with thiocyanate bound to copper through S, while the minor peak reflects the contribution of the less energetically favourable N-bound structure. However, the logical suggestion that the N-bound compound corresponds to the copper (II) isothiocyanate Cu(NSC)2 is not valid for several reasons. There are neither traces of copper (II) in the XPS spectra, nor characteristic signature vibrations in the Raman spectra of the C=N region, moreover, after the electrodeposition it is unlikely to find Cu(NSC)2 in the solid form as it is soluble in water. Theoretical calculations of different CuSCN isomers predicted that both S-and N-bound thiocyanates predominantly have the ( -S-C≡N) structure, which can thus explain the absence of the characteristic signs of the isothiocyanate. 34 Based on the above, we believe that in the electrodeposited CuSCN material two isomers coexist: Cu + --S-C≡N and Cu + -:N≡C-S -. We have calculated the contribution of the minor peaks for all the elements involved and these are presented in Table 3 . The composition of SCN in S-and N-bound forms roughly follows the stoichiometry and results in the predominant binding of the thiocyanate ion to the copper via the sulfur atom with approximately 12% of thiocyanate ion bound to the copper by a nitrogen atom. Moreover, in both 2D layer and nanowire form this isomer distribution remains constant.
In order to get further information on the electrodeposited CuSCN 2D thin film and nanowires we have performed Raman spectroscopy. The spectra from the samples are dominated by a series of intense sharp peaks as shown in Figure 6 . In line with our previous XRD and TEM studies, 13, 14 these Raman spectra provide an additional proof of high crystalline quality of the deposited CuSCN, as an amorphous material would generally show broader and less intense spectral peaks. The Raman spectroscopy is a sensitive tool to reveal any existing strain, so the similarity of the peak positions both within these samples and compared to those for the bulk Whilst the majority of the material exists in the S-terminated thiocyanate form there is also some spectral evidence of the N-bound form (from the two peaks present in the higher wavenumber region). Further spectral evidence of N-bound thiocyanate is not observed at the lower wavenumber region where an additional vibration for (C-S) may be expected at 732 cm -1 for the altered configuration. 35 However, given the relative strength of the spectral response from the ν(C≡N) bond at 2175 cm -1 compared to that of ν(C≡N) bond at 2117 cm -1 for the two configurations it is likely that the relative abundance and lower cross-section of the spectral response expected for ν(C-S) would render the signal from the N-bound thiocyanate to be undetectable and thus absent in the lower wavenumber region.
The -SCN-bridging mode is commonly found in Raman spectra around 2156 cm -1 , but contributions to this Raman signature are not observed for any of the CuSCN samples investigated and therefore we rule out the possibility of any -SCN-bridging.
To further confirm the presence of the differently bound thiocyanates in electrodeposited films, we studied the spectra at lower frequencies in more detail. Figure 6 also shows the spectra recorded in the spectral range 100-1150 cm -1 , which are normalised to the maximum peak within the range (747 cm -1 ). A rolling circle filter was also implemented to remove the background baseline without disruption to the spectral features.
The peak at 432 cm -1 , which corresponds to the SCN group bending, can be used as an indicator of the presence of thiocyanates predominantly in S-bound mode. The peaks of lower intensity accompanying the major one probably come from splitting due to the low symmetry of Cu-S-CN group. 36 A strong sharp peak at 747 cm -1 , which corresponds to the C-S stretching, provides further confirmation of the prevailing S-bound thiocyanate ( -S-C≡N). Finally, the wide doublet of two peaks at 203 and 244 cm -1 can be interpreted once again in terms of coexistence of N-and Sbound thiocyanates with the former one corresponding to Cu-S and latter to Cu-N stretching. 28, 29, 35 Figure 6. The mean normalised Raman spectra with baseline subtraction for the 2D platelets, 1 µm and 400 nm samples are shown in (a), (b) and (c) respectively. The spectral regions of 100-1150 cm -1 and 2100-2200 cm -1 can be seen for all samples, with the main Raman peaks of CuSCN labelled in spectrum (a). The normalised intensity in the 2100-2200 cm -1 wavenumber region, has been rescaled in order to plot the intense Raman response of the 2175 cm -1 peak on the same scale, the dividing factor of 7.5 was used and hence the right scale indicates the x7.5 factor that has to be used to interpret the higher wavenumber region.
The relative intensity of the 432 cm -1 peak for the 2D film was seen to be, on average, double that of the nanowire samples. This provides some possible insight into the different coordination geometry between the 2D and nanowire structures.
To further investigate the influence of the morphology of CuSCN material on its crystalline properties we have deposited by spin-coating and measured bulk CuSCN films (see Supporting information). The resulting spectrum largely corresponds to the samples of electrodeposited 2D and nanowire samples. The spin-coated bulk CuSCN sample resembles the Raman Spectra of the 2D films and nanowires. Similar asymmetric behavior is seen in the 2175 cm -1 peak previously assigned to the ν(C≡N) vibration of S-terminated CuSCN. The asymmetry of this peak is due to the small spectral contributions of aggregated CuSCN forms i.e. (CuSCN)x. 35 There is also a small spectral contribution from the N-terminated thiocyanate as can be seen in table SI-1 (see Supporting Information). CuSCN characteristic Raman peaks in the lower wavenumber region are seen in the bulk spectrum with all the peak positions confirming β phase CuSCN 37 as seen with both the 2D films and nanowires. Spectrally, the lower wavenumber region is dominated by the convoluted metal ligand contributions of Cu-N and Cu-S. In addition the relative intensity of the 432 cm -1 SCN group bending peak in the bulk is stronger than that seen for either the 2D films or the nanowires. This suggests that as the structure is reduced in size the SCN bending mode is restricted and is likely related to the change in the surface to volume ratio and hence different surface coordination geometry. This was a reproducible phenomenon across multiple samples.
The question about the nature of the band gap of bulk CuSCN remains open: some studies claim that it has a direct band gap, 10 other predict that it should have an indirect one 38 and several studies interpret its band structure in terms of a direct gap with some contribution of an indirect transition. 4, 25 By DFT methods it was calculated that the band gap of CuSCN is expected to be indirect, however by decreasing the copper content in the material (i.e. creating the copper vacancies) the band gap can become direct. 38 To the best of our knowledge no information about the band gaps of nanostructured CuSCN has been reported so far. To get a general idea about the nature of the optical band gap, a common practice is to examine the absorption coefficient (α) dependence on the energy in the Tauc plot coordinates ((αhν) n vs hν). The n values giving rise to the most linear plot allows us to determine the nature of the band gap: if n = 2, it is considered direct; if n = 0.5, the band gap is indirect, finally for n = 2/3 we deal with a direct band gap with forbidden transition. We have plotted the absorption spectra of nanostructured CuSCN in corresponding coordinates aimed at elucidating the nature of the band gap (Figure 7 ). In the case of both electrodeposited CuSCN 2D film and nanowires the Tauc plot can be fitted almost equally well with n = 2 or n = 0.5. The direct band gap value found for short nanowires equals to 3.61 eV, while the indirect transition takes place at lower energy, at 3.01 eV. For the electrodeposited 2D layer, we have recently reported the direct transition to be at about 3.80 eV, 15 Another interesting phenomenon probably related also to the unusual structure of the electrodeposited CuSCN is its strong absorption tail. Such sub-band gap absorption is often explained by the presence of transitions into the surface defects situated below the band edge and can be quantified in terms of the following relationship α ~ exp(E/Eu), where α is the absorption coefficient and Eu is the Urbach energy. 39 Typically, the Urbach energy is 10-20 meV for highly organized materials, such as crystalline Si, 10-100 meV for various ligandpassivated nanocrystals 40 and up to hundreds of meV for less organised materials, such as amorphous Si or nanolayers of semiconductors deposited by SILAR or CBD methods. 41 We have determined and compared the Eu for several films by drawing the absorption spectrum in the form ln(α) vs E and taking the slope of the curve (Figure 8 ). While Urbach energy indeed can be used as an indicator of material quality, care should be taken before directly relating it to the electronic properties. First, the concentration of possible structural or surface defects in electrodeposited CuSCN nanowires and thin films seems to be low according to Raman and XPS analysis and our previous XRD and TEM studies. 15 Second, as an example, regardless of relatively high Eu values, ZnO nanowires are known to be one of the best electron transporting materials in various electronic devices; moreover, indirectly we have already shown the excellent transport properties of various CuSCN films in photovoltaic devices. 15 Finally, it is known that widely-studied chemically grown nanostructured metal oxides, such as ZnO and TiO2 have a relatively high defect density immediately after the fabrication. At the same time, annealing can produce a considerable reduction in the number of these defects. 43, 44 The annealing removes possible internal crystalline structure imperfections as well as passivates external surface defects, thus significantly decreasing the concentration of trap states and as a consequence improving the charge transport. Such a post-deposition treatment may also be effective at decreasing the number of defects in CuSCN and will be the subject of continued investigations on electrodeposited CuSCN nanostructures to reveal its influence on their electronic and optical properties.
Conclusions
In conclusion, using a variety of methods we have extensively characterised electrodeposited copper thiocyanate thin films and nanowires and elucidated its numerous intriguing properties explained by its unique structure. It is shown that electrodeposited CuSCN, in both 2D and nanowire forms, exhibits high crystalline quality and its composition is close to the expected stoichiometry. Interestingly, the main part of the electrodeposited β-CuSCN consists of thiocyanate bound to the copper through its S-end (Cu-S-CN), while 12-14% of the material exists in the N-bound form (Cu-NC-S). A conclusion initially drawn from the XPS analysis and corroborated by Raman spectroscopy is that the N-bound form is present as a thiocyanate, and not as an isothiocyanate (Cu-N=C=S).
The results based on the applied absorption spectroscopy (Tauc and Urbach plots) appear to be in agreement with previous studies, and show that the CuSCN material exhibits a large direct band gap combined with an indirect transition at lower energy. We assume this is a superposition of electronic signatures of two different CuSCN domains, likely to correspond to those observed by XPS and Raman. We also observe an absorption tail and high Urbach energy, which we conclude as either as a direct consequence of the particular CuSCN structure combining N-and S-bound thiocyanate domains or due to the high concentration of the trap defects. In any case, this absorption tail should not represent an obstacle for the use of the copper thiocyanate in electronic devices, particularly as the traps density is likely to be considerably reduced by annealing. At the same time, promising results have been already obtained with the non-annealed material in solar cells. 15 As a potential for further development, we have shown that the different geometry offered by the nanowires in comparison to the 2D platelets (and both cases in relation to bulk CuSCN), appear to offer a means by which the electronic properties can be tuned and this offers exciting device opportunities for nanostructured CuSCN.
